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Brief introduction to EF08 topics

• From Alessandro's talk on Monday, July 20: 

EF08 - Model Specific explorations

● SUSY, Extra Dimensions, and Leptoquarks etc.
● Sensitivity, Reinterpretations of sensitivities (e.g. a long-lived particle 

as a Higgsino)
● Model parameter scans and comparisons with precision 

measurements (e.g. pMSSM scans)
a. SUSY: Strong (inclusive searches / gluino / squark), 3rd gen 

(stop, sbottom), EWKino, singlino, “Pure” higgsino, R-parity 
violating SUSY

b. Blackhole Mulitjets, RS Gravitons
c. pMSSM or other scans
d. Model-specific searches for excited fermions

+ Composite Higgs

https://docs.google.com/forms/d/e/1FAIpQLSf2bUmPbFVrTsDK50x7iMKtMNbImRcH0qHzomrmH1Tg5bAp8w/viewform
Please submit your informal and non-binding expression of interest today!
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EF08 interaction with other TG and Frontiers

Elliot Lipeles, Nausheen Shah,  Jim Hirschauer                                                                             EF08 Conveners �11

Focus and Interaction with other groups…

Model Dependent 
Comparisons:
• Common Plot
• Parameters space 

scans (pMSSM, etc)

EF08: Targeted 
Direct Searches
• Simplified 

Models

EF09:
More inclusive 
searches
• Resonances
• Long-lived

EF01/EF04:
Precision Higgs
Precision EWK

EF02/EF03:
Rare Higgs
Rare Top

EF10: DM 
Searches

Intensity 
(heavy flavor)

Cosmic (DM)

EF08 Scope

https://docs.google.com/forms/d/e/1FAIpQLSf2bUmPbFVrTsDK50x7iMKtMNbImRcH0qHzomrmH1Tg5bAp8w/viewform
Please submit your informal and non-binding expression of interest today!
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Recent meetings
• May 28 : Kick-off meeting with report on SUSY studies from European Strategy process
• June 11 : Composite Higgs
• June 25 : R-parity conserving SUSY
• July 7 : Preparatory Joint BSM TG session with EF02+07+09+10

• Manimala Chakraborti, Heinemeyer, Saha: Muon g-2 and SUSY MSSM scans
• Rahool Barman: Light neutralino dark matter in NMSSM

• Aug 6 : Next meeting, topic TBD

https://docs.google.com/forms/d/e/1FAIpQLSf2bUmPbFVrTsDK50x7iMKtMNbImRcH0qHzomrmH1Tg5bAp8w/viewform
Please submit your informal and non-binding expression of interest today!

https://snowmass21.org/energy/bsm_models
Find meetings and (email list subscription) here
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SUSY for European Strategy
• Monica D'Onofrio gave excellent summary of SUSY studies for ES update with invaluable summary of 

lessons learned ➔ EF08 will build on ES work.

• Examples of lessons learned for higgsino-like EWKino processes:

• Decide early on coherent set of model assumptions.

• Need dedicated FCC-hh studies ➔ ES used extrapolations.

• Need reinterpretation of hadron collider monojet analyses as function of higgsino Δm for Δm=1-20 
GeV, especially for complementarity with lepton colliders ➔ in coordination with EF10.

Higgsino-like EWK processes 

28/5/20SUSY @ European Strategy, Monica D'Onofrio24

124 CHAPTER 8. BEYOND THE STANDARD MODEL

 

 
 

m(NLSP)
200 400 600 800 1000 1200 1400

 m
(N

LS
P,

 L
SP

) [
G

eV
]

Δ

1

10

210

Higgsino-like EWK processes

HL-LHC 3/ab, 14 TeV (soft-lepton A)
HL-LHC 3/ab, 14 TeV (soft-lepton B)
HE-LHC 15/ab, 27 TeV (soft-lepton B)
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 m(NLSP,LSP) not displayedΔMonojet reach in 

CLIC: extrapolated below 5 GeV

Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

2) mass plane, at 95% C.L. from
the dilepton analysis with 3 ab�1of 14 TeV, proton-proton collision data in the context of a pure Higgsino LSP
with ±1� (yellow band) from the associated systematic uncertainties. The blue curve presents the 5� discovery
potential of the search. The purple contour is the observed exclusion limit from the Run-2 analysis. The figure also
presents the limits on chargino production from LEP. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m(�̃±

1 ) = 1

2
(m(�̃0

1) + m(�̃0

2)).

they forbid any R-parity violating operators thanks to the gauged B �L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B �L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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• Lessons learned for pure higgsino search with disappearing tracks:

• Review assumptions made for fake backgrounds for ATLAS HL-LHC study

• Incorporate CMS HL-LHC study 

• FCC-hh sensitivity based on Delphes detector simulation with detector 
design similar to LHC ➔ update with more realistic FCC-hh detector

Fig. 4.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disappearing charged
track analysis for wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to
modifying the central value of the background estimate by a factor of five.

95% C.L. Wino Wino Higgsino Higgsino
Monojet Disappearing Track Monojet Disappearing Track

14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.6 TeV

Table 4.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

4.2 Displaced Vertices
Many models of new physics predict long-lived particles which decay within the detector but at an
observable distance from the proton-proton interaction point (displaced signatures). If the decay products
of the long-lived particle include multiple particles reconstructed as tracks or jets, the decay can produce
a distinctive signature of an event containing at least one displaced vertex (DV). In the following sections,
a number of prospects studies from ATLAS, CMS and LHCb are presented. Results are interpreted in
the context of supersymmetric or higgs-portal scenarios but are applicable to any new physics model
predicting one or more DVs, since the analyses are not driven by strict model assumptions.

4.2.1 LLP decaying to a Displaced Vertex and Emiss
T at HL-LHC

Contributors: E. Frangipane, L. Jeanty, L. Lee Jr, H. Oide, S. Pagan Griso, ATLAS

There are several recent papers at the LHC which have searched for displaced vertices, including
Ref.s [300, 333–335]. The projection presented here [336] requires at least one displaced vertex recon-
structed within the ATLAS ITk, and events are required to have at least moderate missing transverse
momentum (Emiss

T ), which serves as a discriminant against background as well as an object on which to
trigger. The analysis sensitivity is projected for a benchmark SUSY model of pair production of long-
lived gluinos, which can naturally arise in models such as Split SUSY [337]. Each gluino hadronises into
an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and a stable neutralino
with a mass of 100 GeV.

This study makes use of Monte Carlo simulation samples to obtain the kinematic properties of sig-
nal events, which are then used to estimate the efficiency for selecting signal events. The pair production
of gluinos from proton-proton collisions at

p
s = 13 TeV was simulated in PYTHIA 6.428 [92] at lead-

ing order with the AUET2B [338] set of tuned parameters for the underlying event and the CTEQ6L1

110

Disappearing track signatures  
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) + m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1, �m(�̃±

1 , �̃0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.
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Pure-higgsino s

HL-LHC

(Section 4.1 of arxiv:1812.07831) 

Very challenging with 
high pile-up and high 
rate of fake tracks!  

Variation of bkg by factor 5

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Fig. 4.1.3: Expected exclusion at the 95% C.L. from the disappearing track and dilepton searches in the
�m(�̃±

1 , �̃
0

1), m(�̃±
1 ) mass plane. The blue curve presents the exclusion limits from the dilepton search. The

yellow contour presents the exclusion limit from the disappearing track search. The figure also presents the limits
on chargino production from LEP. The relationship between the masses of the chargino and the two lightest neu-
tralinos in this scenario is m(�̃±

1 ) =
1

2
(m(�̃0

1) +m(�̃0

2)). The theory curve is a prediction from a pure higgsino
scenario taken from Ref. [211].

It was shown in Ref. [330] that the results do not crucially depend on the exact choice of these param-
eters. The associated DIS jet with pT > 20 GeV ensures that the event is recorded and determines
the position of the primary vertex. The charginos’ decay into a neutral Higgsino and a number of SM
particles with small pT defines the secondary vertex.

Tau leptons with their proper lifetime of ⇠ 0.1 mm constitute an important and irreducible
background. VBF can single- (⌧+⌫⌧ ) and pair produce taus (⌧+⌧�) together with a jet with
pT > 20 GeV, |⌘| < 4.7 at LHeC with cross sections of ⇠ 0.6 and ⇠ 0.3 pb, respectively. Kinemat-
ically, the ⌧ decay products can be suppressed to 10�3 (keeping O(1) of the signal) by requiring |⌘| > 1
(in the proton beam direction), /ET & 30 GeV) and the LLP final state energy to be very low (. 1.5�m
for a given chargino lifetime). Furthermore, in the space of possible final states and decay lengths, the
⌧ ’s will populate very different regions than the chargino signal, such that further suppression is possible.

The probability of detecting a chargino is computed by choosing the charged particle momentum
from the appropriate phase space distribution in the chargino rest frame, then computing the minimum
distance the chargino must travel for the displacement of the resulting charged track to be visible. The
sensitivities of detecting at least one (N1+LLP), or two displaced vertices (N2LLP) are shown by the
contours in Fig. 4.1.4 for µ > 0. The darker (lighter) shading represents the contour with the lowest
(highest) estimate of event yield, obtained by minimising (maximising) with respect to the two different
hadronisation scenarios, and Pjet reconstruction assumptions. The difference between the light and dark
shaded regions can be interpreted as a range of uncertainty in projected reach.

This sensitivity for Higgsinos via LHeC searches is competitive in mass reach to the monojet
projections for the HL-LHC, being sensitive to masses around 200 GeV for the longest theoretically
motivated lifetimes (see also Section 4.1.3). The LHeC search has the crucial advantage of actually
observing the charged Higgsino parent of the invisible final state. Disappearing track searches at the
HL-LHC presented in this report probe higher masses for the longest lifetimes, but lose sensitivity at
shorter lifetimes. By comparison, the LHeC search is sensitive to lifetimes as short as microseconds. It
is important to note how the robustness of the mass reach of e�p colliders arise also from the fact that
results are not exponentially sensitive to uncertainties in the Higgsino velocity distribution.
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vary background 
by 5x

HL-LHC

Report on BSM at HL/HE-LHC, arxiv:1812.07831 Han,Mukhopadhyay,Wang 
arXiv:1805.00015 

ATL-PHYS-PUB-2018-031

SUSY for European Strategy (II)

• Careful treatment of detector simulation is obviously critical.

• Analysis coordinated by EF09 with SUSY interpretation by EF08. 
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Composite Higgs
Inspiring overview from M. Peskin:Conclusions:   (in my humble opinion) 

The why problem of Electroweak Symmetry Breaking is 
still the most important problem in particle physics. 

SUSY and similar models of EWSB no longer have pride of 
place.  We need to seriously investigate the idea that the 
Higgs boson is composite, with new strong interactions at 
10-50 TeV. 

There are many possibilities both for model-building for 
composite Higgs and for experimental signatures.  In 
particular, particle searches and precision measurements 
on t, b, h can provide complementary (and needed) 
information.  It is important to treat these models and 
measurements holistically at Snowmass.

Composite Higgs signatures from G. Cacciapaglia:

• Focus on beyond-minimal top partners

• e.g. exotic cascade decays of charge 5/3 top partner 
through BSM states lighter than X5/3

• Inspired excellent discussion on complementary needs for

• vanilla / minimal benchmark models

• novel benchmark models that can help elucidate 
differences in reach for various collider/detector 
scenarios

X5/3 exotic decays

All final states 
have SSL pairs. 

Decays of the 
scalars are 
exclusive 

(either one 
or the other)

We recast the SSL CMS search in 
CERN-EP-2018-258

Xie Ke-Pan et al, 1907.05894

Xie Ke-Pan et al, 1907.05894 
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Comprehensive overview and status from C. Wagner:

Conclusions

  Strongly interacting particles are restricted to be heavier than about 1 TeV

  We are just starting to constrain the region of stop masses consistent with 
the MSSM Higgs mass determination !

  No clear deviation of Higgs coupling from SM expectations :  Alignment or 
Decoupling ?

 There is still clear room for discovery at the LHC.   

 Moreover, if electroweakinos are at the weak scale, they could lead to a 
solution of the DM problem.  Tensions will current direct detection data 
could be highly ameliorated for negative values of μ.
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  No clear deviation of Higgs coupling from SM expectations :  Alignment or 
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 Moreover, if electroweakinos are at the weak scale, they could lead to a 
solution of the DM problem.  Tensions will current direct detection data 
could be highly ameliorated for negative values of μ.

➔ and future colliders

ILC perspective on SUSY from M. Berrgren

Status of ILC SUSY studies

• RPC MSSM covered well

• More work needed for 

• RPV SUSY

• Long-lived particles

• NMSSM

Reminded us lepton 
colliders allow high 
precision measurements 
of SUSY parameters, e.g. 
mass of 167 GeV 
neutralino with 0.5% 
precision!

Conclusions

Conclusions
Separate:

Discovery potential: Could discover some model.
Exclusion potential: Can exclude all models.

Future pp machines have
discovery potential to very high masses
but - to put it bluntly - NO exclusion potential: always loopholes.

Future TeV-scale ee machines have
Full discovery and exclusion potential up to the kinematic limit

For the RPC-MSSM, most studies exist, usually with FullSim. Not
much to be added for Snowmass. But, little has been done for:

RPV SUSY.
Extensions to MSSM - nMSSM, GMSB, ...
Squarks. Might there be holes in squark coverage from HL-LHC?
Long-lived particles: Much shorter lifetimes for long-lived states can
be searched for than at pp.
And of course, any new theory ideas. Remember: From the ILC,
masses can be measured to the sub-percent level, cross-section
(also polarised ones) to the percent level.

Mikael Berggren (DESY) ILC SUSY ILC@DESY, Nov 2019 25 / 26
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SUSY at ILC Picture gallery

SUSY at ILC: Measure properties, even in tough cases

Chargino mass determination
with �(M) = 1.6 GeV ...
Or neutralino mass with �(M)
= 770 MeV.
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R-parity conserving SUSY
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R-parity conserving SUSY (II)

• Use interpretations of search results in scan of 
19-parameter phenomenological MSSM to help

• identify regions where SMS fail to capture whole 
picture

• design beyond-SMS summaries to show features 
not included in SMS plots.

• will complement SMS summaries.
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(b) Chargino–neutralino

Figure 11: Impact of electroweak searches (as listed in Table 1) (a) on the �̃0
2–�̃0

1 plane and (b) on the �̃±1 –�̃0
1 plane.

The 95% CL observed exclusion limit from Ref. [54] is for a simplified model that assumes pure-wino �̃±1 + �̃
0
2

production, followed by the decays �̃±1 �̃
0
2 ! W⇤�̃0

1Z⇤�̃0
1. The colour scale is as described in Figure 3.

due to the Disappearing Track analysis and is strongest when the LSP is wino-dominated. The gaugino
mass di↵erence �m� = m(�̃±1 ) � m(�̃0

1) is typically less than a few hundred MeV for winos and of order
a few GeV for Higgsinos. As the �̃0

2 mass decreases, approaching that of the �̃0
1, there is more neutralino

mixing, leading to a larger �m�, and a shorter �̃±1 lifetime, hence the Disappearing Track analysis loses
sensitivity. The Figure 11(a) row in which m(�̃0

1) ⇠ 50 GeV has lower sensitivity for the Disappearing
Track analysis. This region is dominated by models for which the relic density is controlled by the Z and
h boson funnels, so has bino-like LSPs with a Higgsino admixture. Such models do not typically feature
long-lived charginos.

For m(�̃0
2) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV, direct production of �̃0
2 (and/or �̃±1 ) states provides sens-

itivity via the 2-leptons, 3-leptons and 4-leptons analyses. The sensitive region for these multi-lepton
analyses is similar to that shown from the simplified model of Ref. [54]. Nevertheless there remain many
viable pMSSM points within the region excluded in the simplified-model scenario. For example, many
points in the Z and h boson funnel regions (m(�̃0

1) ⇠ 50 GeV) have little sensitivity in the multi-lepton
analyses as the �̃0

2 is predominantly Higgsino-like, leading to a lower production cross-section.

The equivalent plot for the projection onto the plane of the lightest chargino and the LSP is shown in
Figure 11(b), again showing the fraction excluded by the electroweak ATLAS searches. In this figure
the Disappearing Track analysis has sensitivity to models with wino-like LSPs which lie close to the
leading diagonal where m(�̃±1 ) is only a little larger than m(�̃0

1). Models with Higgsino-like LSPs also
lie close to that diagonal, but have larger mass splittings and so little sensitivity from the Disappearing
Track analysis. Away from that diagonal only bino-dominated LSPs are found. Here the best sensitivity
is from the multi-lepton electroweak search analyses (2-leptons, 3-leptons and 4-leptons), particularly
for m(�̃±1 ) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV. The region with sensitivity to the multi-lepton searches
again shows some similarity with the simplified-model limit from Ref. [54], but again no region is totally
excluded.
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pMSSM scans from S. Bein (CMS) and discussion from Giordon Stark (ATLAS) et al.

ATLAS, arXiv:1508.06608

• Going beyond 2D simplified models (SMS) is recurring theme of EF08 activities

• see yesterday's excellent discussion led by Suchita Kulkarni

• SMS can omit critical dependence of sensitivity on parameters of the full model 
not included in the SMS (other masses, branching fractions, etc)

• some simplified models are not plausibly realized in full model
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Near term plans and meeting topics
(1) R-parity violating SUSY.

(2) Extra dimensions.
(3) Concrete plan for how to use naturalness responsibly in EF08 summaries

• building on Raman Sundrum's thought provoking talk from yesterday
(4) Continue inviting groups that have submitted Expressions of Interest to present plans
(5) In coordination with community, start converging on concrete (but evolving) plans for 

(a) set of summary plots and benchmark models (building on work for ES update)
(b) necessary dedicated analyses 

(c) necessary reinterpretations of work from other EF TG and Frontiers

• e.g. EF09 (LLP), EF10 (mono-X), EF1-4 (precision measurements)
(d) new ideas!

(e) match Expressions of Interest to (a)-(d)

https://docs.google.com/forms/d/e/1FAIpQLSf2bUmPbFVrTsDK50x7iMKtMNbImRcH0qHzomrmH1Tg5bAp8w/viewform
Please submit your informal and non-binding expression of interest today!

https://snowmass21.org/energy/bsm_models
Find meetings and (email list subscription) here

Next meeting is Thursday, August 6, at 11am EDT.


